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ORTHOTIC DEVICE DRIVE SYSTEM AND
METHOD

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. Provisional Appli-
cation No. 61/798,101 titled “Orthotic Device Drive System
and Method,” and filed Mar. 15, 2013, the entirety of which

1s mcorporated by reference herein.

INCORPORAITION BY REFERENCE

All publications and patent applications mentioned 1n this
specification are herein incorporated by reference to the
same extent as 1f each individual publication or patent
application was specifically and individually indicated to be
incorporated by reference.

FIELD

Embodiments of the present invention relate generally to
orthotics, and more specifically to drive systems, compo-
nents and methods for active orthotics.

BACKGROUND

Wearable active orthotic devices can be used to amplify
the residual intention to extend or tlex a joint of patients

recovering irom neuromuscular deficiencies arising from
conditions including stroke, traumatic brain injury and mul-
tiple sclerosis, or patients recovering from complex ortho-
pedic ijuries. Such orthotic devices can be attached across
various joints to which movement assistance 1s provided,
such as across a knee, elbow or ankle. The active orthotic
device typically has a first portion that attaches to the patient
on one side of the joint, a second portion that attaches on the
other side of the joint, and an actuator that movably couples
the first and second orthotic portions to provide force(s) to
assist with movement of the joint. For example, 1n a knee
augmentation device, the first portion 1s attached around the
thigh and the second portion 1s attached around the calf. The
intention to extend the joint may be sensed by a foot pressure
SENnsor.

Considerable force may be required when assisting a joint
such as the knee or elbow. The requirements for the actuator
are diflicult to provide 1n a compact, lightweight, battery-
operated, wearable device.

Many assistive devices use actuators 1n which a motor 1s
coupled to a lead screw, which may be an Acme screw or
ball screw. The lead screw provides both a rotary to linear
motion transiformation as well as a gear reduction. It may
take 10°s of rotations of the ball screw to flex the joint less
than 180 degrees, thereby providing an effective gear ration
that may typically fall in the range of 20:1 to 100:1. The total
rat1o to the motor may be further increased by using a gear
reduction or pulley coupling with different diameter pulleys.
The use of a ball screw can meet the basic requirements, but
has several disadvantages. The stroke of a ball screw 1s
determined by the length of the screw and the size of the
actuator cannot be reduced beyond the length necessary to
supply the stroke required to link with the orthotic device. It
the linkage 1s changed to provide the same range of motion
with a shorter stroke, the force of the linear actuator must be
increased and that may exceed the strength of the screw or
available torque of the driving motor.
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Other actuators have a difficult time meeting the output
torque requirements while keeping size and weight low. If

the actuator uses direct gearing, such as planetary gears, spur
gears, or harmonic drive, the final gear must supply the
entire torque and requires a large, heavy gear. Direct gearing
also does not have a mode in which the drive mechanism 1s
completely decoupled from the output linkage. Such decou-
pling 1s highly desirable for rehabilitation robotics 1n which
the patient should be allowed free swing of the leg or arm 1n
between the times when the powered assistance lifts, sup-
ports and/or assists the patient. Further, direct drive has a
single gear ratio. In powered assistance of the knee, smaller
motors can be used 1f the drive mechanism has diflerent
drive ratios to accommodate the need for high torque (for
sit-to-stand or stair ascent) when the knee 1s bent near 90
degrees, and to provide higher speed (with less torque) for
tast walking when the knee 1s nearly straight.

What would be desirable, but 1s not provided by the prior
art, 1s an actuator that obtains high force without ball screws
or large output gears, allows free movement of a patient
when no movement assistance 1s desired, and varies the
drive ratio during the stroke.

SUMMARY OF THE DISCLOSURE

The present invention relates to orthotics, and more
specifically to drive systems, components, and methods for
active orthotics.

In some embodiments, an active assistance orthosis 1s
provided with a first portion configured to attach to a patient
on one side of a joint, a second portion configured to attach
to the patient on an opposite side of the joint, and an actuator
configured to apply a force between the first and the second
portions of the orthosis. In some embodiments, the actuator
comprises a first spool rotatably mounted to the first portion,
a second spool also rotatably mounted to the first portion, an
output pulley mounted to the second portion, and a belt. The
belt may have a first end wrapped around the first spool, a
second end wrapped around the second spool, and a mid-
portion wrapped around the output pulley. The actuator in
these embodiments 1s configured to pull the output pulley
toward the first portion when the first spool 1s rotated to pull
the belt a given length and the second spool 1s rotated to feed
the belt less than the given length.

In some of the above embodiments, the second spool 1s
configured to feed the belt less than the given length pulled
by the first spool due to a diameter of belt turns on the first
spool exceeding a diameter of belt turns on the second spool.
The first spool and the second spool may be configured to
rotate at a same speed. The first spool and the second spool
may be configured to rotate in the same direction or in
opposite directions.

The actuator may include a belt tensioner configured to
take up slack 1in the belt. This belt tensioner may include a
rotatable drum separate from the first spool, the second spool
and the output pulley. In some embodiments, the rotatable
drum includes at least one moving roller configured to
interact with at least one fixed roller to 1increase a belt path
length. The belt tensioner may include a rotational position
sensor coupled to the rotatable drum. In some embodiments,
the sensor 1s configured to communicate with a controller to
indicate a belt tension when there 1s no slack 1n the belt.

In some embodiments, the orthosis may include a belt
having a thickness no greater than about 0.005 inches. In
some embodiments, the orthosis may include a polycentric
hinge coupling the first portion to the second portion. In
these embodiments, the orthosis may include a bell crank
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linkage coupling the first portion to the second portion, and
the output pulley may be located on the bell crank linkage.

In some embodiments, the orthosis may include an actua-
tor configured to provide a winch ratio between the first
spool and an angle of the orthosis, wherein the winch ratio
1s higher when the orthosis 1s bent (near 90°) than when 1t
1s straight. In these embodiments, the actuator may be
configured to provide a first winch ratio when the orthosis 1s
positioned at about a 90° angle and a second winch ratio
when the orthosis 1s positioned at about a 0° angle. The first
winch ratio may be configured to be at least twice the second
winch ratio. In some embodiments, the first winch ratio may
be configured to be about four times or more greater than the
second winch ratio.

Methods of assisting movement of a patient are also
provided. In some embodiments, the method includes
attaching a first portion of an orthosis to a patient on one side
of a joint, attaching a second portion of an orthosis to the
patient on an opposite side of the joint, and detecting a
residual intention of the patient to move the joint. The
patient 1s assisted with the intended movement by applying
an assistive force to the patient with an actuator applying a
force between the first and the second portions of the
orthosis. In some embodiments, the actuator comprises a
first spool rotatably mounted to the first portion, a second
spool also rotatably mounted to the first portion, an output
pulley mounted to the second portion, and a belt. The belt
may have a first end wrapped around the first spool, a second
end wrapped around the second spool, and a mid-portion
wrapped around the output pulley.

In some embodiments, the assisting step of the method

includes rotating the first spool to pull the belt a given
length, and rotating the second spool to feed the belt less
than the given length such that the output pulley on the
second portion 1s pulled towards the first portion of the
orthosis.
In some embodiments, the attaching a first portion step
includes attaching the first portion of the orthosis around a
thigh of the patient, and the attaching a second portion step
includes attaching the second portion around a calf of the
patient. In other embodiments, the attaching a first portion
step 1ncludes attaching the first portion of the orthosis
around an upper arm of the patient, and the attaching a
second portion step includes attaching the second portion
around a lower arm of the patient.

In general, mm one embodiment, a harmonic winch
includes a first spool rotatably mounted to a first housing. A
second spool 1s rotatably mounted to the first housing. An
output pulley 1s mounted to the second housing. A belt has
a first end wrapped around the first spool, a second end
wrapped around the second spool, and a mid-portion
wrapped around the output pulley. A motor 1s configured to
rotate the first spool and the second spool. The rotation of the
first spool pulls the belt a given length and the rotation of the
second spool feeds the belt less than the given length so as
to pull the output pulley and the second housing towards the
first housing.

In general, 1n one embodiment, an active assistance
orthosis includes a first portion configured to attach to a
patient on one side of a joint. A second portion 1s configured
to attach to the patient on an opposite side of the joint. An
actuator 1s configured to apply a force between the first and
the second portions of the orthosis. The actuator includes a
first spool rotatably mounted to the first portion. A second
spool 1s rotatably mounted to the first portion. An output
pulley 1s mounted to the second portion. A belt has a first end
wrapped around the first spool, a second end wrapped
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around the second spool, and a mid-portion wrapped around
the output pulley. The actuator 1s configured to rotate the first
spool and the second spool. The rotation of the first spool
pulls the belt a given length and the rotation of the second
spool feeds the belt less than the given length so as to pull
the output pulley towards the first portion. Pulling the output
pulley towards the first portion pulls at least part of the
second portion towards at least part of the first portion.

Any of these embodiments can include one or more of the
tollowing features. The second spool can be configured to
feed the belt less than the given length pulled by the first
spool due to a diameter of belt turns on the first spool
exceeding a diameter of belt turns on the second spool. The
first spool and the second spool can be configured to rotate
at a same speed. The first spool and the second spool can be
configured to rotate in a same direction. The first spool and
the second spool can be configured to rotate in opposite
directions. The actuator can further include a belt tensioner
configured to take up slack in the belt. The belt tensioner can
include a rotatable drum separate from the first spool, the
second spool, and the output pulley. The rotatable drum can
include at least one moving roller configured to interact with
at least one fixed roller to increase a belt path length. The
belt tensioner can include a rotational position sensor
coupled to the rotatable drum, and the sensor can be con-
figured to communicate with a controller to indicate a belt
tension when there 1s no slack in the belt. The belt can have
a thickness no greater than about 0.005 inches.

Any of these embodiments can include one or more of the
following features. The orthosis can further include a
polycentric hinge coupling the first portion to the second
portion. The orthosis can further include a bell crank linkage
coupling the first portion to the second portion, and the
output pulley can be located on the bell crank linkage. The
actuator can be configured to provide a winch ratio between
the first spool rotation and the orthosis hinge rotation. The
winch ratio can be higher when the orthosis 1s bent than
when 1t 1s straight. The actuator can be configured to provide
a first winch ratio when the orthosis 1s positioned at about a
90° angle and a second winch ratio when the orthosis 1s
positioned at about a 0° angle. The first winch ratio can be
more than twice the second winch ratio. The orthosis can
further include a hinge coupling the first portion to the
second portion. Pulling at least part of the second portion
towards at least part of the first portion can 1nclude rotating
the first portion relative to the second portion about the
hinge. The actuator can be configured to apply a lower
torque and higher speed as the hinge angle between the first
portion and the second portion decreases.

Any of these embodiments can include one or more of the
tollowing features. The orthosis can further include a motor
configured to drive rotation of the first spool and the second
spool, a drive sprocket connected to the motor, and a driven
sprocket connected to the first spool. The drive sprocket and
the driven sprocket can be connected by a second belt. The
driven sprocket can have a larger diameter than the drive
sprocket.

Any of these embodiments can include one or more of the
following features. Rotating the first spool and the second
spool to pull at least part of the second portion towards at
least part of the first portion can include rotating the first
spool and the second spool 1n a first direction. The actuator
can be further configured to rotate the first spool and the
second spool 1n a second direction to allow the output pulley
to move away from the {irst portion so as allow the at least
part of the second portion to move away from the at least
part of the first portion. The first portion can be configured
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to attach above the patient’s knee and the second portion can
be configured to attach below the patient’s knee. The ortho-
s1s can Turther include a rotational position sensor coupled to
the actuator. The rotational position sensor can be configured
to communicate with a controller to indicate a position of the
first portion relative to the second portion. The orthosis can
turther include a belt tensioner, tensioner position sensor,
and spool rotation counter, and the rotational position of the
first portion relative to the second portion can be determined
by a controller based on the spool rotation counter and belt
tensioner position.

In general, 1n one embodiment, a method of assisting
movement of a patient includes (1) attaching a first portion
of an orthosis to a patient on one side of a joint; (2) attaching
a second portion of the orthosis to the patient on an opposite
side of the joint; (3) detecting a residual intention of the
patient to move the joint; and (4) assisting the patient with
the intended movement by applying an assistive force to the
patient with an actuator. The actuator includes a first spool
rotatably mounted to the first portion, a second spool also
rotatably mounted to the first portion, and an output pulley
mounted to the second portion. The actuator further includes
a belt having a first end wrapped around the first spool, a
second end wrapped around the second spool, and a mid-
portion wrapped around the output pulley.

Any of these embodiments can include one or more of the
following features. The assisting step can include rotating
the first spool to pull the belt a given length and rotating the
second spool to feed the belt less than the given length such
that the output pulley on the second portion 1s pulled towards
the first portion of the orthosis. Attaching a first portion can
include attaching the first portion of the orthosis around a
thigh of the patient, and attaching a second portion can
include attaching the second portion around a calf of the
patient. Attaching a first portion can include attaching the
first portion of the orthosis around an upper arm of the
patient, and attaching a second portion step can include
attaching the second portion around a lower arm of the
patient.

The actuator or winch can be used to provide assistance
during extension of a joint while allowing unassisted move-
ment during flexion of the joint. The spools can be rotated
to a position where there 1s slack i the belt to allow
unassisted movement of the joint.

In addition to use in active orthotic devices as detailed
herein, the compact high-force actuator systems, compo-
nents and methods of this disclosure are useful 1n a variety
of other applications as well. These applications may
include, but are not limited to, patient lifts, rehabilitation

equipment, exercise equipment, and mechanical devices for
lifting, hauling and positioning.

BRIEF DESCRIPTION OF THE DRAWINGS

The novel features of the invention are set forth with
particularity in the claims that follow. A better understanding
of the features and advantages of the present invention will
be obtained by reference to the following detailed descrip-
tion that sets forth illustrative embodiments, in which the
principles of the invention are utilized, and the accompany-
ing drawings of which:

FIG. 1 shows an active knee orthosis.

FI1G. 2 1llustrates a mechanical linkage between an actua-
tor and the body attachment of an orthosis.

FI1G. 3 1s a block diagram showing the electronics used to
drive and control an active muscle assistance device.
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FIG. 4 1s flowchart showing the modes of operation of a
muscle assistance device.

FIG. 5 1s a tlowchart of the modes of operation of a knee
joint muscle assistance device.

FIG. 6A 15 a side view of an exemplary harmonic winch
actuator shown at the beginning of its stroke.

FIG. 6B 1s a side view of the actuator of FIG. 6A shown
at the end of 1ts stroke.

FIG. 6C 1s a side view of a variation of the actuator of
FIGS. 6A and 6B wherein the first and second spools are
gear coupled to rotate 1n opposite directions.

FIG. 6D 1s a side view of another vanation of the actuator
of FIGS. 6 A and 6B wherein the first and second spools have
different diameters and turn at diflerent speeds.

FIG. 7A 1s a side elevation view of an exemplary har-
monic winch actuator. FIG. 7B 1s a top plan view of the
actuator shown 1n FIG. 7A.

FIGS. 8A-8C are a sequence of side views showing the
use of a harmonic winch on an orthosis having a single pivot
point.

FIG. 8D 1s a side view showing the use of a harmonic
winch on an orthosis having a polycentric hinge.

FIGS. 9A-9C are a sequence ol side views showing
details of a belt tensioner of the actuator shown 1n FIGS.
7TA-TB.

FIG. 10A 1s a graph showing the relationship of various
parameters to the joint angle for a simple linkage orthosis.

FIG. 10B 1s a graph showing the relationship of various
parameters to the actuator stroke for a simple linkage
orthosis.

FIG. 11A 1s a graph showing the relationship of various
parameters to the joint angle for an orthosis having a bell
crank linkage.

FIG. 11B 1s a graph showing the relationship of various
parameters to the actuator stroke for an orthosis having a bell
crank linkage.

FIGS. 12A-12C are various views showing details of an
embodiment for attaching the ends of a belt of a harmonic
winch to the spools.

FIG. 13A 1s a side elevation view showing another
exemplary embodiment of a harmonic winch actuator.

FIG. 13B 1s a top plan view showing the actuator of FIG.
13A.

FIG. 14 shows various details of an alternative spool-
mounted belt tensioner.

FIG. 14A shows a close-up of the front of the spool with
a belt keyway of FIG. 14.

FIG. 14B shows the back of the spool of FIG. 14A.

FIG. 14C shows the gear with stop of FIG. 14.

FIG. 14D shows the spool with stop of FIG. 14.

FIG. 14E shows the belt with end loop of FIG. 14.

FIG. 15A 1s a side elevation view showing another
exemplary embodiment of a harmonic winch actuator.

FIG. 15B 1s a top plan view showing the actuator of FIG.
15A.

FIGS. 16 A-16B show another exemplary harmonic winch
actuator.

FIGS. 17A-17B show two diflerent views of another
exemplary harmonic winch actuator.

DETAILED DESCRIPTION

General Overview of a Knee Orthosis

FIG. 1 schematically shows an exemplary active muscle
support orthosis according to one embodiment of the mnven-
tion. The device 10 1s an active knee orthosis or brace used
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to offload some of the stress from the quadriceps when
extending or flexing the leg. For different parts of the body,
other devices are constructed with a suitable shape, but the
principles presented here apply by analogy to such devices.
The device 10 1s particularly usetul 1n helping someone with
muscle weakness in the everyday tasks of standing, sitting,
walking, climbing stairs, and descending stairs. The device
10 includes an upper portion 16 configured to be placed
around the user’s upper legs (such as the thighs), a lower
portion 14 configured to be placed around the user’s lower
legs (such as the calf), and an actuator 12 therebetween. The
support to the muscle 1s defined by the position of the
actuator 12 applying force to the moving parts of the orthosis
10. Namely, as the actuator 12 rotates, and with 1t the
moving (rigid) parts of the orthosis, the position of the
actuator 12 defines the relative position of the joint and
thereby supports the corresponding muscle. The actuator 12
can be used principally to provide assistance during exten-
sion of a joint. As described further below, the actuator 12
can be a harmonic winch actuator that advantageously
provides high torque, varies the drive or winch ratio during,
the stroke, and provides for free movement of the joint when
assistance 1s not desired.

The device 10 can provide assistance and/or resistance to
the muscles that extend and flex a joint. In some embodi-
ments, resistance can be provided to resist the force exerted
by the muscles, and/or resistance can also be provided to
resist or oppose the force of gravity. The device 10 can be
configured so as to not directly connect to the muscle, but
rather be attached in such a way that 1t can exert external
forces to the limbs.

The device 10 can be built from an underlying structural
frame (such as of lightweight aluminum or carbon fiber),
padding, and straps (not shown) that can be tightened to the
desired pressure. The structural frame of the device 10
includes a rigid upper portion 16 above the knee connected
to a hinge 18 at the medial and lateral sides. The upper
portion 16 can extend up to the mid-thigh. The structural
frame 10 further includes a rigid lower portion 14 below the
knee that extends from the hinge 18 down to the mid-callf.
In the thigh and calf regions, the frame extends around from
medial to lateral sides around approximately half the cir-
cumierence of the leg. The remaining portion of the circum-
ference 1s spanned by straps that can be tightened with clips,
laces, hook and loop closures (such as Velcro®), clip-type
connectors 17, and/or by a zipper type fastener. Understand-
ably, this allows easier attachment and removal of the
device. The rigid portions 14, 16 can be either on the anterior
or posterior side. The number and width of straps can vary,
but the straps must be suflicient to hold the device 1n place
with the axis of rotation of the hinge 1n approximately the
same axis as that of rotation of the knee. The hinge 18 itself
may be more complex than a single pivot point to match the
rotation of the knee. In more general terms, 1n some embodi-
ments, the device 10 has a frame that has a first structural
portion that 1s attached to the body above or proximally the
jo1nt, a second structural portion that 1s attached to the body
below or distally to the joint, and an articulating joint portion
connecting the first structural portion with the second struc-
tural portion.

Cushioning material may be added to the device 10 to
improve comiort. In some embodiments, a manufacturer
may choose to produce several standard sizes of the device
10, each with enough adjustments to be comiortable for a
range of patients. In other embodiments, the manufacturer
may use a mold or tracing of the leg to produce individually
customized devices 10. In still other embodiments, a single
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s1ze of the device 10 may be produced that may be adjusted
to fit a wide variety of patients.

A microcontroller-based control system can drive control
information to the actuator (such as the winch actuator
described below), receive user mput from a control panel
function, and receive sensor information including joint
position and external applied forces. For example, pressure
information 1s obtained from the foot-pressure sensor 19.
Based on the sensor mput and desired operation mode, the
control system can apply forces to resist the muscle, apply
force to assist the muscle, or allow the muscle to move the
joint freely.

FIG. 2 illustrates a side-view diagram of an orthotic
system according to an exemplary embodiment of the mnven-
tion. In the illustrated embodiment, orthotic system 300
includes: linear actuator 301 (which may be replaced by the
harmonic winch actuator described further below); bell
crank 302; thigh orthotic structure 303; lower leg orthotic
structure 304; tibia anterior structure 303; tibia posterior
structure 306; connector link 307; hinge 308; tibia suspen-
sion system 309; lateral support structures 310; ankle sus-
pension structure 311; footpad sensor system 312; lower leg
textiles 313; thigh textile 314; upper shin textile 315; toe
strap 326; and anti-foot drop system 327. However, this 1s
given by way of example and not limitation, as the orthotic
system described herein may include fewer or more com-
ponents. The linear actuator 301 acts directly on a linkage
point of a bell crank rocker arm 302. Further, the linear
actuator 301 1s mounted on a pivot 321 at the upper most end
of the thigh orthotic structure 303. However, other embodi-
ments can include the linear actuator 301 being constrained
on a fixed plane or fixed via pivot on any portion of the thigh
orthotic structure 303 or lower leg orthotic structure 304 or
other structural parts. Alternate embodiments can also
include indirect actuation via an mput link between the
linear actuator 301 and the bell crank 302.

FIG. 3 1s a block diagram showing an exemplary elec-
tronics and control system for an orthosis as described
herein. The operation of the device may be controlled by a
program running in a microcontroller 402. To minimize the
physical size of the control system, the microcontroller may
be selected based on the scope of its internal functionality.

In the exemplary embodiment of FIG. 3, the microcon-
troller 402 1s coupled to a control panel 404 to provide user
control and information on the desired mode of operation.
The control panel includes a set of switches that can be read
through the mput builers 418 of the microcontroller. The
control panel also may have a display panel or lights to
display information, such as operational mode and battery
state. The control panel also includes means to adjust the
strength of assistance and resistance 1n order to customize
the forces to the ability of the user. Another embodiment of
the control panel 1s a wired or wireless connection port to a
handheld, laptop or desktop computer. The connection port
can also be used to communicate diagnostic information and
previously stored performance information.

The control panel may be part of the actuator or may be
attached to another part of the structural frame with wires
connected to the actuator. In some embodiments, buttons of
the control panel can be of the type that can be operated
through clothing to allow the device mode to be changed
when the device i1s hidden under the clothes. In other
embodiments, the device can be worn on top of clothing or
can be worn directly on the skin and remain uncovered.

Outputs of the microcontroller, provided from the output
buflers 426, can be directed 1n part to the actuator 1012 (such
as the winch actuator described below) through a power




US 9,889,058 B2

9

driver circuit 410 and 1n part to the control panel 404. In one
embodiment, the driver circuit converts the outputs to high
voltage phases to drive an electrostatic actuator. The power
driver circuit includes transformers and rectifiers to step up
a-c wavelorms generated by the microcontroller. In
instances where the actuator 1s a DC motor, servomotor, or
gear motor, the power driver circuit may be designed to
generate high-current multi-phase signals.

When the operation mode of the muscle assistance device
1s set to apply a force that opposes the motion of the joint,
the energy 1nput from that ‘external’ force must be absorbed
by the control circuit. While this energy can be dissipated as
heat 1 a resistive element, 1t may also be returned to the
battery in the actuator power supply 408 via a regeneration
braking circuit 412. This concept 1s similar to “regenerative
braking” found in some types of electric and hybrid vehicles
to extend the operation time before the battery needs to be
recharged.

In some embodiments, the microcontroller 402 can
receive digital information via a digital interface connection
430 from a muscle stress sensor 416 that includes an analog
to digital converter. In other embodiments, the analog to
digital converter can be located 1n the microcontroller 402
and the muscle stress sensor 416 can output analog data. The
joint angle sensor 414 provides the joint angle via a belt
position sensor, potentiometer or optical sensor of a type
known 1n the art, or by an encoder coupled to a lead screw
or other drive component.

When the orthotic device 1s used to assist leg extension,
the muscle stress sensor 416 may be mmplemented as a
foot-pressure sensor (such as pressure sensor 19 1 FIG. 1)
wired to the active orthosis. In one embodiment, this sensor
1s implemented with parallel plates separated by a dielectric
that changes total capacitance under pressure. The foot
sensor may be a plastic sheet with conductive plates on both
sides so that when pressure 1s applied on the knee the
dielectric between the plates compresses. The change in the
dielectric changes the capacitance and that capacitance
change can be signaled to the microcomputer indicating to
it how much pressure there 1s on the foot. Other pressure
sensors may use resistive ink that changes resistance when
pressure 1s applied on 1t. Yet another type of pressure sensor,
such as a strain gauge can be alternatively used to supply the
pressure mformation. Further sensor constructs are subse-
quently described in more detail. These sensors are config-
ured to detect the need or intention to exert a muscle. For
example, the foot pressure sensor in conjunction with joint
angle sensor detects the need to exert the quadriceps to keep
the knee from buckling. Other types of sensors, such as
strain gauges, can detect the intention by measuring the
expansion of the leg circumierence near the quadriceps. In
another embodiment, surface mounted electrodes and signal
processing electronics measure the myoelectric signals con-
trolling the quadriceps muscle. When the orthotic device 1s
used for other muscle groups in the body, approprate
sensors can be used to detect either the need or intention to
flex or extend the joint being assisted. It 1s noted that there
may be a certain threshold (minimum amount of force), say
5> pounds on the foot, above which movement of the actuator
1s triggered.

Power for the muscle assistance devices described herein
can come from one or more battery sources feeding power
regulation circuits. The power for the logic and electronics
1s derived from the primary battery (in the power supply
408). The battery-charge state 1s fed to the microcontroller
for battery charge status display or for activating low battery
alarms. Such alarms can be audible, visible, or a vibration
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mode of the actuator itself. Alternatively, a separate battery
can power the electronics portion.

Turning now to FIG. 4, the operation of an exemplary
muscle assistance device 1s 1llustrated with a block diagram.
The algorithm 1n this diagram 1s implemented by embedded
program code executing 1n the microcontroller. In the first
step of FIG. 4, the user selects a mode of operation 502. The
modes include: 1dle 506, assist 508, monitor 510, rehabili-
tate 512, and resist 514.

In the 1dle mode 506, the actuator 1s set to neither impede
nor assist movement of the joint. This 1s a key mode in some
implementations because 1t allows the device to move freely
or remain 1n place when the user does not require assistance
or resistance, or if battery has been drained to the point
where the device can no longer operate. In 1dle mode, the
actuator allows free movement with a clutch or an inherent
free movement mode of the actuator, for example, even
when primary power 1s not available.

In the monitor mode 510, the actuator 1s 1n free movement
mode (not driven), but the electronics are activated to record
information for later analysis. Measured parameters include
a sampling of inputs from the sensors and counts of move-
ment repetitions 1n each activation mode. This data may be
used later by physical therapists or physicians to monitor
and alter rehabilitation programs.

In the assist mode 308, the actuator 1s programmed to
assist movements initiated by the muscle. This mode aug-
ments the muscle, supplying extra strength and stamina to
the user. In the assist mode 508, the device can also resist the
force exerted by gravity. This use of the term ““resist” 1s not
to be confused with the way the term “resist” 1s used 1n the
description of the resist mode 3514, as described below.
Again, as mentioned herein with respect to FIGS. 4 and 5,
“resist” can refer to both resisting gravity as described 1n the
assist mode and to resisting the force exerted by muscle as
described below 1n the resist mode.

In the resist mode 514, the device 1s operating as an
exercise device. Any attempted movement 1s resisted by the
actuator. Resistance intensity controls on the control panel
determine the amount of added resistance. In the resist mode
514, the device resists the force exerted by the muscle.

In the rchabilitate mode 3512, the device provides a
combination of assistance and resistance in order to speed
recovery or muscle strength while minimizing the chance of
ijury. Assistance 1s provided whenever the joint 1s under
severe external stress, and resistance 1s provided whenever
there 1s movement while the muscle 1s under little stress.
This mode levels out the muscle usage by reducing the
maximum muscle force and increasing the minimum muscle
force while moving. The average can be set to give a net
increase 1 muscle exertion to promote strength training. A
front panel control can provide the means for setting the
amplitude of the assistance and resistance.

Then, assuming that the rehabilitate mode 510 1s selected,
a determination 1s made as to whether the muscle 1s under
stress. The 1indicia of a muscle under stress 1s provided as the
output of the muscle stress sensor reaching a predetermined
minimum threshold. That threshold 1s set by the microcon-
troller in response to front panel functions.

I1 the muscle 1s not under stress or 1f the resist mode 514
1s selected, a further determination 1s made as to whether the
joint 1s moving 522. The output of the joint position sensor,
together with 1ts previous values, indicates whether the joint
1s currently i motion. If 1t 1s, and the mode 1s either
rehabilitate or resist, the actuator 1s driven to apply force
opposing the joint movement 524. The amount of resistance
1s set by the microcontroller 1n response to front panel
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settings. The resistance may be non-uniform with respect to
joint position. The resistance may be customized to provide
optimal training for a particular individual or for a class of
rehabilitation.

If the joint 1s not 1n motion 522 or the monitor mode 510
1s selected, the actuator 1s de-energized to allow free move-
ment of the joint 526. This may be accomplished by using
an actuator that has an unpowered clutch mode.

Additionally, if the muscle 1s under stress 320 or 522 and
either the rehabilitate or the assist modes are selected, the
actuator 1s energized to apply force for assisting the muscle
528. The actuator force directed to reduce the muscle stress.
The amount of assistance may depend on the amount of
muscle stress, the joint angle, and the front panel input from
the user. Typically, when there 1s stress on the muscle and the
joint 1s flexed at a sharp angle, the largest assistance 1s
required. In the case of knee assistance, this situation would
be encountered when rising from a chair or other stressiul
activities.

As mentioned betfore, when the device 1s 1n monitor mode
510, measurements are recorded to a non-volatile memory
such as the flash memory of the microcontroller (item 420 1n
FIG. 3). Measurements may 1nclude the state of all sensors,
count of number of steps, time of each use, user panel
settings, and battery condition. This and the step of upload-
ing and analyzing the stored information are not shown 1n
the diagram.

FIG. 5 1s a flow diagram specific to an active knee
assistance device. This diagram assumes a specific type of
muscle stress sensor that measures the weight on the foot.
Relative to the diagram of FIG. 5, this diagram also shows
a step (620) to determine whether the knee 1s bent or straight
(within some variation). If the knee 1s straight, no bending
force 1s needed 624 and power can be saved by putting the
actuator in free-movement mode 630. To prevent problems
such as buckling of the knee, the transitions, 1.e., de-
energizing the actuator, in both FIGS. 5§ and 6 may be
dampened to assure that they are smooth and continuous.

The software running on the microcontroller may be
architected in many different ways. One architecture 1s to
structure the embedded program code into subroutines or
modules that communicate with each other and receive
external mterrupts (see item 424 m FIG. 3). Other embodi-
ments are not interrupt driven. In one implementation the
primary modules include control panel, data acquisition,
supervisor, actuator control, and monitor modules. A brief
description of these modules 1s outlined below.

The control panel responds to changes 1n switch settings
or remote communications to change the mode of operation.
Settings may be saved in a nonvolatile memory, such as a
bank of flash memory.

The data acquisition module reads the sensors and pro-
cesses data mto a format useful to the supervisor. For
instance, reading position from a capacitive position sensor
involves reading the current voltage, driving a new voltage
through a resistance, then determining the RC time constant
by reading back the capacitor voltage at a later time.

The supervisor module may be a state machine for
keeping track of high-level mode of operation, joint angle,
and movement direction. States are changed based on user
input and sensor position mformation. The desired torque,
direction and speed to the actuator control the functioning of
this module. The supervisor module may also include train-
ing, assistance, or rehabilitation profiles customized to the
individual.

The actuator control module i1s operative to control the
actuator (low level control) and includes a control loop to
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read fine position of the actuator and then drive phases to
move the actuator 1n the desired direction with requested

speed and torque. The monitor module monitors the battery
voltage and other parameters such as position, repetition
rates, and sensor values. It also logs parameters for later
analysis and generates alarms for parameters out of range.
This module uses the front panel or vibration of the actuator
to warn of low voltage from the battery.

A number of variations in the above described system and
method 1include, for example, variations in the power
sources, microcontroller functionality, and the like. Specifi-
cally, power sources such as super capacitors, organic bat-
teries, disposable batteries and different types of recharge-
able batteries can be used 1n place of a regular rechargeable
battery. Moreover, microcontroller functionality can be split
among several processors or a different mix of internal and
external functions. Also, diflerent types of orthotic devices,
with or without hinges and support frames, may be used for
attachment to the body, and they may be of different lengths.
Various ways of communicating the ‘weight-on-foot” may
be used, either through wired or wireless connections to the
control circuitry, or by making the orthosis long enough to
reach the foot.

Harmonic Winch Actuator

Retferring to FIGS. 6 A-17B, various exemplary embodi-
ments of harmonic winch actuators will now be described.
FIGS. 6A-6D highlight basic concepts of construction and
operation of some of these embodiments. Referring first to
FIGS. 6A and 6B, a first embodiment 1s schematically
shown. FIG. 6 A shows harmonic winch actuator 710 at the
beginning of its stroke and FIG. 6B shows winch actuator
710 at the end of 1ts stroke. Winch actuator 710 includes a
first spool 712, a second spool 714, and a belt 716 coupled
between the two spools 712, 714. Belt 716 has a first end
attached to first spool 712, a second end attached to second
spool 714, and a mid-portion that loops around a pulley 718.
First spool 712 and second spool 714 are rotatably mounted
to first housing 720, and pulley 718 1s rotatably mounted to
second housing 722. In operation, winch actuator 710 moves
second housing 722 with respect to first housing 720. For
example, first housing 720 may be located on an upper
portion of a knee orthosis and second housing 722 may be
located on a lower portion of the knee orthosis, such that
winch actuator 710 1s able to drive (e.g., rotate) the lower
portion of the orthosis relative to the upper portion.

When winch actuator 710 1s at the beginning of 1ts stroke
as shown 1n FIG. 6A, roughly equal amounts of belt 716 are
wound around {first spool 712 and second spool 714. In this
mode, first spool 712 operates as a pull spool, and second
spool 714 operates as a feed spool. In this embodiment, first
spool 712 and second spool 714 are both driven together at
the same rate and 1n the same direction, such as by an
clectric motor and a common chain, timing belt, or gear
drive (e.g. with an intermediate gear between the gears for
first spool 712 and second spool 714). Because the effective
radn of first spool 712 and second spool 714 are roughly the
same at the beginning of the stroke, the same amount of belt
716 1s fed from second spool 714 as 1s taken up by first spool
712, and therefore pulley 718 rotates, but does not does not
move laterally. As more belt 716 accumulates on first spool
712, its effective radius gets larger. Similarly, as more belt
716 1s released from second spool 714, 1ts eflective radius
gets smaller. With the eflective radius of first spool 712
getting larger than that of second spool 714, more belt 712
1s wound around first spool 712 than is released from second
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spool 714 with each turn of the two spools 712, 714. Thus
action shortens the loop of belt 716 that extends around
pulley 718, and therefore pulley 718 and second housing 722
are pulled (such as laterally pulled or rotationally pulled)
towards spools 712 and 714 and first housing 720.

At the beginning of a stroke, winch actuator 710 1s 1n a
high torque, low speed mode. As winch actuator 710 pro-
gresses Irom a beginning of stroke configuration as shown 1n
FIG. 6 A towards an end of stroke configuration as shown 1n
FIG. 6B, winch actuator 710 transitions from a high force,
low speed configuration to a low torque, high speed con-
figuration, pulling pulley 718 and second housing 722 faster
towards first housing 720. In other words, the mechanical
advantage of winch actuator 710 changes from the begin-
ning of the stroke to the end of the stroke. In embodiments
where lincar movement 1s achieved by the actuator 710 (as
shown 1n FIGS. 6A-6D), the mechanical advantage can be
determined by the number of rotations of the first spool 712
required to provide a unit of linear movement. In embodi-
ments where rotary movement of a joint 1s achieved by a
harmonic actuator (such as described, for example, below
with respects to FIGS. 8A-8C), the mechanical advantage
can be determined by the winch ratio, which 1s equivalent to
the speed of rotation of the first spool 712 to the speed of
rotation of the joint.

Referring now to FIG. 6C, a vanation of the harmonic
winch of FIGS. 6A and 6B will be described. In this
embodiment, first spool 712 and second spool 714 are
configured to rotate in opposite directions. This can be
accomplished, for example, by driving the two spools with
gears directly coupled together. The harmonic winch actua-
tor 710" in this embodiment operates 1n the same manner as
actuator 710 of FIGS. 6A and 6B except that belt 716 1s paid
out from the bottom of second spool 714 instead of the top,
such that a second spool 714 rotates 1n a counterclockwise
direction to pay out belt 716, rather than 1mn a clockwise
direction as in FIGS. 6A and 6B.

Referring to FIG. 6 D, another varniation 710" of the
harmonic winch actuator of FIGS. 6 A and 6B 1s shown. In
this embodiment, first spool 712' and a second spool 714'
have different diameters. For example, first spool 712' may
have a diameter that 1s twice the diameter of second spool
714'. Additionally, the two spools 712", 714" are coupled to
cach other via gears or pulleys with the same diameter ratio
as the diameter ratio of first spool 712' and second spool 714'
in order to drnive the spools 1n the same direction but at
different rates. In this example, first spool 712' 1s driven at
a rate that 1s half the rate of second spool 714'. With this
arrangement, the second spool 714" pulls 1n belt 716 at a rate
roughly the same as the rate that first spool 712! pays out belt
716 at the beginning of the stroke when both spools have
roughly the same amount of belt 716 on them. As 1n other
embodiments, the winch ratio increases as the amount of belt
716 on the pull spool 714" increases, and the amount of belt
716 on the feed spool 712' decreases. An advantage of this
configuration 1s that the rate of winch ratio change 1s more
gradual than when the spools are of the same diameter and
driven at the same speed. This 1s because the diameter of
teed spool 712' changes more slowly 1n this embodiment. As
such, there 1s less variation in the winch ratio from the
beginning of the stroke to the end of the stroke in this
embodiment as compared with the previous embodiments.

In some embodiments, such as those shown depicted in
FIGS. 6A-6D, a separate belt tensioner need not be pro-
vided. In these embodiments, first and second spools 712
and 714 may act as belt tensioners by pulling slack out of
belt 716 when output pulley 718 1s located 1n a position
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where no force 1s being put on belt 716. In other embodi-
ments, no tensioner 1s necessary because tension 1s provided
by an external tensioner or because there 1s always a force
(such as gravity) pulling second housing 722 away from first
housing 720. It 1s to be understood that the embodiments
shown 1n FIGS. 6 A-6D are simplified schematics and that
any of the details described elsewhere 1n this disclosure can
apply to the embodiments described with respect to FIGS.
6A-6D.

Referring now to FIGS. 7A and 7B, a side elevation view
and a top plan view, respectively, of a more detailed embodi-
ment of a harmonic winch actuator 710 are shown. Har-
monic winch actuator 710 includes an electric motor 724
with a gear head 726 coupled to its output. Gear head 726
1s provided with a motor drive sprocket 728 on its output.
Drive sprocket 728 1s coupled to a driven sprocket 730 with
a motor drive chain 732. Driven sprocket 730 1s twice the
diameter of drive sprocket 728 1n this embodiment to further
reduce the rotational speed output by motor 724. This
arrangement allows motor 724 to drive first spool 712.
Further, first spool 712 and second spool 714 are each
provided with a spool sprocket 734 of the same diameter and
interconnected with inter-spool chain 736 such that they are
both driven 1n the same direction and at the same speed of
rotation by the motor 724. In the embodiment of FIGS. 7A
and 7B, as was described 1n reference to FIGS. 6A and 6B,
first spool 712 1s shown on the left and serves as a pull spool
while second spool 714 1s shown on the right and serves as
a feed spool. As betore, pull spool 712 takes 1n belt 716 from
the bottom while feed spool 714 pays out belt 716 from the
top, and both spools 712, 714 turn clockwise to pull housing
722 towards housing 720. In contrast, when the spools 712,
714 are turned counter-clockwise, belt 716 1s released more
quickly by the first spool 712 than belt 716 1s pulled in by
the second spool 714. As a result, the length of the belt 716
between housing 722 and housing 720 1s increased, and
housing 722 1s allowed to move away from housing 712.

Harmonic winch actuator 710 may also be provided with
a belt tensioner 738 as shown to pull slack out of belt 716
during operation of winch actuator 710. In this embodiment,
belt tensioner 738 1s mounted between first spool 712 and
second spool 714 and 1s configured to rotate up to about 180
degrees about an axis that 1s parallel to the axes of rotation
of spools 712 and 714. Belt tensioner 738 may include a
spiral torsion spring 740 located at one end as shown.
Torsion spring 740 causes tensioner 738 to rotate and apply
just enough force to belt 716 to remove the slack from the
belt 716 without impeding the motion of the output pulley
718 and second housing 722 when no force 1s being applied
by actuator 710. Belt tensioner 738 will subsequently be
described in more detail with reference to FIGS. 9A-9C.

Rotational position sensors, such as encoders 742, may
also be provided on belt tensioner 738 and motor 724 as
shown. Encoder 742 may be used for position feedback to
the electronics 1n order to control the sequencing of motor
drive phases to motor 724 when 1t 1s a brushless 3-phase DC
motor. The electronics may also use position information
obtained from encoder 742, along with knowledge of the
drive ratio from motor 724 to pull spool 712, to count
rotations of the spools 712, 714. By doing so, the total length
of the belt 716 between the spools 712, 714 can be deter-
mined. This information 1n turn can determine the maximum
extended position of housing 722, which can be used to
determine the maximum amount of flexion of an orthotic
brace using the winch actuator 710 (such as orthotic brace
10, 300, 300", or 810 described herein). Moreover, belt

tensioner 738 may be used 1n conjunction with encoders 742
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to 1indicate to the controlling electronics and/or software the
amount of slack i belt 716 at any given time during
operation. When belt 716 1s being pulled tightly, small
variations in the position of the tensioner can be used to
detect the force that 1s being applied by actuator 710.

In this exemplary embodiment, belt 716 can be 0.0035
inches thick, 1 inch wide, and about 5 feet long. Belt 716
may be made out of a UHMWPE (ultra-high molecular
weight polyethylene) such as Dyneema® or Spectra. Other
suitable materials include PBO (poly(p-phenylene-2,6-ben-
zobisoxazole)) such as Zylon, liquid crystal polymer such as
Vectran, and para-aramids such as Kevlar®. Belt 716 may be
made of a single, homogeneous material. Alternatively, belt
716 may be formed from laminated layers, coatings and/or
woven or reimnforcing fibers of the same or of different
maternals. It 1s beneficial to use a high-strength material
and/or construct that can provide a suilicient tensile force
without stretching, even with a small belt thickness. The
thinner the belt 716 1s, the smaller the effective radius
change 1s as belt 716 moves from feed spool 714 to pull
spool 712 of winch actuator 710. This means that more
rotations of spools 712 and 714 are required to move pulley
718 and second housing 722 towards first housing 720 from
the beginning of the stroke to the end of the stroke. In other
words, a higher mechanical advantage and ratio are provided
by using a thinner belt 716 in actuator 710.

Referring to FIGS. 8A-8C, harmonic winch actuator 710
1s shown coupled to an exemplary joint assistance device
810. Device 810 may be an orthosis configured to attach
adjacent to a patient’s knee and actively assist the patient
with walking and/or other leg movements, as described
above with respect to FIGS. 1 and 2. A first portion 812 of
device 810 1s configured to attach to the patient on one side
of the jomnt, such as above the knee on the thigh, as
previously described. A second portion 814 1s configured to
attach to the patient on an opposite side of the joint, such as
below the knee on the calf. In this embodiment, the first
portion 812 and the second portion 814 of device 810 are
rotatably coupled together by a single pivot point 816.
However, the first and second portions 812 and 814 need not
be connected by a single pivot point, as will be subsequently
described with reference to other embodiments. As shown 1n
FIG. 8A-8C, first and second spools 712 and 714 may be
located on the first portion 812 of device 810. Output pulley
718 may be located on the second portion 814 of device 810
as shown. In other embodiments, the locations of these
components may be reversed. In operation, pivot point 816
can be located adjacent to the knee or other joint. Belt 716
loops around second spool 714 and spans between {irst
portion 812 and second portion 814 of device 810.

The harmonic winch actuator 710 can be used to rotate the
second portion 814 of the device 810 relative to the first
portion 812. For example, the winch actuator 710 can be
used to provide assistance during extension of the patient’s
leg (and thus decreasing the angle formed by the device
810). FIG. 8C shows device 810 in a bent configuration
where the first portion 812 forms an angle of 90° with
second portion 814, such as when the patient 1s sitting. In
this position, the belt 716 1s relatively long between the first
portion 812 and the second portion 814. As the actuator
rotates the spools 712, 714, the diameter of the spool 712 can
increase while the diameter of the spool 714 decreases,
thereby causing the length of the belt 716 to decrease
between the first portion 812 and the second portion 814.
This shortening of the belt 716 causes the upper sections of
the first and second portions 812, 814 to move closer
together by pivoting around the pivot point 816. FIG. 8A
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shows device 810 move 1nto a straight configuration wherein
the first portion 812 forms an angle of 0° with second portion
814. The winch actuator 710 can thus be used to assist the
patient 1n extending a leg from sitting (approximately 90° to
approximately 0°). Likewise, the harmonic winch actuator
710 can be used to extend the leg during walking. For
example, FIG. 8B shows device 810 1n a partially bent
configuration wherein the first portion 812 forms an angle of
45° with second portion 814. This orientation may occur
during the patient’s stride when walking. Similar to as
described with respect to FI1G. 8C, the actuator can be used
to shorten the length of the belt 716, thereby pulling the
upper sections of the first and second portions 712, 714
together about the pivot point 816, thereby assisting in
extending the leg to 0° as shown 1n FIG. 8A.

In some embodiments, to flex the leg when wearing the
device 810, the belt 716 can be loosened by rotating the
rollers 712, 714 1n the opposite direction. Loosening the belt
716 (or creating slack in the belt 716) 1in turn allows the
upper sections of the first and second portions 812, 814 to
move apart from one another about the pivot point 816,
thereby allowing the leg to flex. The winch actuator 710 can
therefore advantageously provide assisted extension of the
device 810 while allowing free flexion of the device. More-
over, the device 810 can be set to provide both free (unas-
sisted) extension and flexion by simply extending the belt
716 fully for both extension and flexion.

In the exemplary embodiment of FIGS. 8A-8C, device
810 as a range ol motion of about 90°. In other embodi-
ments, the range of motion may be more or less than 90°.

Referring to FIG. 8D, a harmonic winch actuator 710 1s
shown mounted to a multi-fit orthotic system 300' similar to
system 300 originally shown in FIG. 2. As shown, {irst spool
712 and second spool 714 of actuator 710 are located on
thigh portion 303 of orthosis 300'. Output pulley 718 1s
coupled to bell crank 302 such that when belt 716 pulls
output pulley 718 towards the spools 712, 714, bell crank
302 1s rotated counter-clockwise around pivot point 350.
Bell crank 302 1n turn pulls linkage 307, which rotates calf
portion 304 about dual pivot coupling 308 to the straight or
0° position shown. Dual pivot coupling 308 forms a poly-
centric hinge which allows calf portion 304 to pivot about
two axes with respect to thigh portion 303 of orthosis 300'.
This method of orthosis 300" articulation with the polycen-
tric hinge more closely mimics the articulation that naturally
occurs 1n the adjacent knee of the patient.

Referring to FIGS. 9A-9C, detailled construction and

operation of the exemplary belt tensioner 738 first intro-
duced with reference to FIGS. 7A and 7B will now be

described. In this embodiment, tensioner 738 includes four
moving rollers 910, 912, 914 and 916 and three fixed rollers
918, 920 and 922. Each of the moving rollers 910, 912, 914,
916 and the fixed rollers 918, 920, 922 may be configured to
rotate about 1ts own axis, such as on bearings, to reduce
friction as belt 716 moves with respect to the respective
roller. Additionally, the moving rollers 910, 912, 914 and
916 are mounted on a drum 924 or disk such that they rotate
with drum 924 about its central axis 926. In this embodi-
ment, drum 924 may rotate through a range of about 180°.
Slot 928 15 provided through drum 924 to allow fixed roller
920 to protrude through drum 924 without impeding 1ts
range of rotation. FIG. 9A shows tensioner 738 m a 0°
position with belt 716 passing through tensioner 738 1n a
straight or nearly straight path. FIG. 9B shows tensioner 738
in a 90° position with belt 916 being drawn around fixed
rollers 918, 920 and 922 by moving rollers 910 and 912.
FIG. 9C shows tensioner 738 1 a 180° position with belt
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916 being drawn further around fixed rollers 918, 920 and
922 by moving rollers 910, 912, 914 and 916. With this

arrangement ol rollers, the belt 716 at no point touches
another portion of the belt 716 and rests only on rolling
supports, thus avoiding friction and wear of the belt 716. It
can be appreciated that the serpentine belt path shown 1n
FIG. 9C 1s considerably longer than the straight belt path
shown 1 FIG. 9A. As such, tensioner 738 1s able to take up
a large amount of slack 1n belt 916 without rotating very far.

During operation of the harmonic winch actuator 710
when belt 716 1s applying a load to the output pulley 728,
belt tensioner 738 1s typically 1n an orientation close to the
0° state shown 1n FIG. 9A. In this state, moving rollers 910
and 912 contact belt 716 and deflect 1t by a small amount,
even when high force 1s being exerted by the winch actuator
710. By measuring the small amount of belt detlection with
the previously mentioned encoder, the system controller can
determine the amount of force being exerted by belt 716 on
the output pulley. As tension 1n belt 716 drops ofl, such as
when a patient moves his leg ahead of the position being
driven by the harmonic winch actuator, belt tensioner 738
rotates up to 180° to take up the belt slack. The tensioner
rotation 1s provided automatically by spiral torsion spring
740, shown 1n FIGS. 7A and 7B.

FIG. 10A 1s a graph showing the relationship of torque,
cllective ratio and number of spool turns from full joint
flexion 1n the exemplary harmonic winch actuator 710 as a
function of knee angle for an orthosis having a fixed radius
joint linkage (1n other words, a joint linkage such as shown
in FIGS. 8A-8C). In this graph, 1t 1s assumed that the linear
motion of actuator 710 1s converted directly to rotary motion
of the output joint at a radius of 1.3 inches from the single
rotation axis of the joint. The graph line 1010 showing the
number of spool turns shows the number of turns starting at
6 and increasing to about 16 turns. The first through fifth
spool turns are not shown on the graph, since at this point the
cllective diameters of the spools are nearly equal, creating
an eflective winch ratio near infimity. In other words, when
the spools are exactly the same diameter, the amount of belt
paid out and pulled 1n 1s the same and the same-diameter
spools could be rotated an infinite number of times without
changing the belt path length. Dividing the pull spool speed
by the zero speed of the joint gives an infimite ratio that
produces almost no output movement.

The graph line 1020 shows the effective winch ratio going
from about 18, increasing to about 37 and dropping back
down to about 28 over the course of the winch stroke. This
shows that there 1s a mechanical advantage wherein the
rotation of the spools 1s at least 18 times faster than the
rotation of the orthosis joint. In some embodiments, a gear
head 726 may be used that, when coupled with drive
sprocket 728 and driven sprocket 730 as shown in FIGS.
7A-TB, produces a gear ratio of 12.9 to 1. When this front
end gear ratio of 12.9 1s multiplied by the winch ratios
shown 1n FIG. 10A, total reduction ratios ranging ifrom
about 232 to about 477 are achieved 1n this exemplary
embodiment. These high ratios are used to go from the
rotation of the high-speed motor to the slow but high torque
rotation needed to move a person’s leg. Graph line 1020 of
FIG. 10A also shows that when a patient’s leg 1s bent
between 60° and 120°, and more particularly when it 1s bent
at about 90°, the exemplary harmonic winch actuator is
configured with a high winch ratio to provide higher torque
at lower speeds, such as when a patient 1s moving from a sit
to a standard position or 1s climbing stairs. Conversely, when
a patient’s leg 1s bent less than 30°, the actuator provides a
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lower winch ratio with less torque and more speed, such as
when a patient 1s walking fast.

FIG. 10B 1s a graph similar to that of FIG. 10A, but the
relationship of torque, effective ratio and number of spool
turns 1s shown as a function of actuator stroke rather than
knee or joint angle. Graph line 1030 shows the number of
spool turns made from the beginning of the stroke. Graph
line 1040 shows the eflective winch ratio over the course of
the actuator stroke. Graph line 1040 shows that near the
beginning of the actuator stroke (which corresponds to a
high joint angle 1 FIG. 10 A), the exemplary actuator
provides a high reduction ratio and high torque. Conversely,
near the end of the stroke (which corresponds to a low joint
angle 1n FIG. 10 A), the actuator provides a low reduction
ratio and low torque, which allows for higher speed.

FIG. 11A 1s a graph similar to that shown i FIG. 10A, but
for an orthosis having a bell crank type linkage (such as
shown 1n FIG. 8D) instead of a fixed radius linkage. Graph
line 1110 shows the relationship between the number of
spool turns as a function of joint angle. Graph line 1120
shows the relationship between the winch ratio as a function
of joint angle. Both graph lines show the interaction between
the linkage and the harmonic winch actuator. As before, this
graph shows that the actuator provides a high reduction ratio
with high torque when the patient’s leg 1s bent at a high
angle such as 90°, and a much lower reduction ratio with
lower torque and therefore higher speed when the patient’s
leg 1s straight or close to being straight (1.e. at 30° or less),
such as during the swing phase of a walking gait.

FIG. 11B 1s a graph similar to that shown in FIG. 11 A, but
the relatlonshlp of torque, eflective ratio and number of
spool turns 1s shown as a function of actuator stroke rather
than knee or joint angle. Graph line 1130 shows the number
of spool turns from the beginning of the stroke. Graph line
1140 shows the eflective winch ratio over the course the
actuator stroke.

Referring to FIGS. 12A-12C, details of one option of
attaching belt 716 to the spools of the exemplary harmonic
winch actuator are shown. As best seen in FIG. 12A, a
longitudinally oriented keyway 1210 may be provided along
all or a portion of the length of central shaft 1212 that forms
the center of previously described first spool 712 and second
spool 714. Keyway 1210 1s sized to receive a key 1214 along
with an end portion of belt 716. In some embodiments, a
permanent loop may be constructed at the end of belt 716,
as shown 1n FIG. 12B. To attach the end of belt 716 to shatit
1212, key 1214 1s slid 1nto the loop and placed into keyway
1210. In other embodiments, the end of the belt 716 may not
include a loop but 1s wrapped at least 180° around key 1214.
After key 1214 1s placed mto keyway 1210, several wraps of
belt 716 are then turned around shaft 1212 to help hold key
1214 1n place 1n keyway 1210. As shown 1n FIG. 12C, two
washers 1216 and or two bearings 1218 may be slid along
shaft 1212 to cover each end of key 1214 to further lock the
key 1n place. In other embodiments (not shown), the cross-
section of the shaft keyway 1210 may be narrower at its
outer opening so that 1t 1s wide enough only for belt 716 to
pass therethrough, but not wide enough to allow key 1214 to
exit outwardly from the keyway. In these embodiments, key
1214 and the end portion of belt 716 are slid longitudinally
into the keyway during assembly. In each of the above-
described embodiments, the ends of belt 716 are securely
fastened to the central shaft 1212 of each of the spools so
that they do not slip even when high loads are applied to the
belt.

Referring to FIGS. 13A and 13B, another embodiment of
harmonic winch actuator 1s shown. In this embodiment,




US 9,889,058 B2

19

actuator 1310 includes a motor 724 that drives a pinion gear
1312. Pinion gear 1312 drives a larger gear 1314 attached to
one end of an 1dler shaft 1316. At the other end of 1dler shaft
1316, another pinion gear 1318 drnives a spool gear 1320.
Gears 1312, 1314, 1318 and 1320 are sized relative to one
another to provide the desired amount of gear reduction
between motor 724 and first spool 712. Second spool 714 1s
also provided with a spool gear 1320 that meshes with the
spool gear 1320 of the first spool 712, such that first spool
712 drives second spool 714 at the same speed but in an
opposite direction through the gears 1320. In this embodi-
ment, belt 716 wraps around the bottom of first spool 712
and second spool 714 such that first spool 712 serves as a
pull spool and second spool 714 serves as a feed spool. A
guide roller 1322 may also be provided between second
spool 714 and output pulley 718.

Referring to FIGS. 14A-E, details of a spool-mounted belt
tensioner 1410 are shown. While only first spool 712 1s
shown, the construction and operation of second spool 714
1s a mirror image of that of first spool 712. In this embodi-
ment, one tlange of spool 712 1s provided with an outwardly
protruding shaft stop 1412. Spool gear 1320 1s similarly
provided with an inwardly protruding spool stop 1414. A
torsion spring 1416 may be provided between shait stop
1412 and spool stop 1414. In operation, spool gear 1320
only drives spool 712 when spool stop 1414 rotationally
engages with shatt stop 1412. When spool stop 1414 1s not
engaged with shaft stop 1412, torsion spring 1416 rotates
spool 712 to pull slack out of belt 716. When force 1s being
applied, belt torque 1s applied to shaft 1212 through keyway
1210 and key 1214. If the belt 716 i1s slack and an external
force 1s applied at 722, spools 712 and 714 rotate 1n opposite
directions until they encounter the spools stops. At that
point, chain or belt 1512 i1s tight and prevents further
movement ol the output. Once the belt 716 1s not slack,
turther movement of the output depends on rotation of the
different diameters of the winds on the spools. In other
words, spools 712 and 714 rotate 1mn opposite directions
while applying force, and in the same direction to pull out
slack. In this embodiment, each spool-mounted tensioner
1410 1s configured to pull 1n belt slack equivalent to one
wrap of the belt 716 around the spool 712. This embodiment
can advantageously have a smaller size due to the elimina-
tion of the separate tensioner.

Referring to FIGS. 15A and 15B, another embodiment of
a harmonic winch actuator 1510 1s shown. In this embodi-
ment, actuator 1510 includes a timing belt 1512 to drive first
spool 712 and second spool 714 at the same speed and 1n the
same direction. First spool 712 serves as a pull spool while
second spool 714 serves as a feed spool. Two fixed-position
guide rollers 1514 may be provided between first spool 712
and second spool 714. A movable-position guide roller 1516
may be provided on a rotating arm 1518 which pivots about
the same axis as the second spool 714. A torsion spring 1520
may be provided on rotating arm 1518 to bias 1t 1n a
clockwise direction. Tension on belt 716 will bias rotating
arm 1518 1n a counterclockwise direction towards the posi-
tion shown in FIG. 15A. When slack occurs 1n belt 716
during operation, rotating arm 1518 with movable roller
1516 will rotate clockwise to the various positions shown 1n
phantom line in FIG. 15A to take up the slack in belt 716 by
increasing the length of the belt path. A load cell 1522, or
other force sensor such as a pressure sensitive resistor, may
be provided beneath rotating arm 1518 to measure the
tension 1n belt 716 when there 1s no slack in the belt.

Referring to FIGS. 16A and 16B, another embodiment of

a harmonic winch actuator 1610 1s shown. The harmonic
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winch actuator 1610 1s similar to the winch actuator 710 of
FIGS. 7TA-7B with a few differences. In this embodiment,
the motor 724 drives a pinion gear 1626, which 1n turn drives
an intermediate gear 1628. The intermediate gear 1s coupled
to a sprocket 1630, which in turn drives a belt or chain 736
(shown as a chain i FIG. 16A and a belt in FIG. 16B).
Rotation of the belt or chain 736 then causes the pull spool
712 to rotate through a sprocket 1638. The winch actuator
1610 thus eliminates the gearhead of FIG. 7A, which can
provide a wider range of gear ratios, but can also be more
expensive than the coupling gears of system 1610.

Another embodiment of a harmonic winch actuator is
shown 1n FIGS. 17A and 17B. This embodiment 1s similar
to the winch actuator 710 of FIGS. 7A and 7B, but the belt
tensioner 1738 includes a standard torsion spring 1716
instead of a spiral torsion spring. Further, in contrast to
winch actuator 710, in this embodiment, the spring 1738 1s
on the same side of the housing 720 as the motor encoder
16424 while the tensioner encoder 16425 1s on the opposite
side of the housing 720 as the spring 1716. Further, actuator
1710 1includes a first chain 1636 (coupling the gearhead
pinion 726 to the pull spool 712) and a second chain 1696
(coupling the pull spool 712 to the feed spool 714) on
opposite sides of the housing 720. Finally, an additional
tensioner 16935 1s coupled with the chain 1696. Coupled with
the tensioner 1695 are a chain tensioner spring 1696, a chain
tensioner pivot shaft 1697, and a chain tensioner sprocket
shaft 1698. The tensioner 1695 can advantageously allow for
the relaxation of the required tolerances 1n placement of the
sprockets and allows for stretching of the chain 1696 over
time.

The actuator 12 (such as the winch actuator described
herein) can be coupled to an orthosis to provide the force
needed to assist or resist the leg muscle(s). Although 1t 1s
intended to be relatively small 1n size, the actuator 12 may
be located on the lateral side to avoid interference with the
other leg. The actuator 12 may also be located on an anterior
region to allow a single orthotic device to be used no either
the right or left leg of a patient. The actuator 12 may be
coupled to both the upper and lower portions 16, 14 of the
structural frame to provide assistance and/or resistance with
leg extension and/or flexion. If the center of rotation of the
actuator 1s located a distance away from the joint, a variety
ol coupling mechanisms can be used to couple the actuator
to a portion of the orthosis on the other side of the joint. The
coupling mechanism can be constructed using belts, gears,
chains or linkages as 1s known 1n the art. These couplings
can optionally change the ratio of actuator rotation to joint
rotation.

In the above-described embodiments, the exemplary har-
monic winch actuators described are described as driving an
orthosis in only one direction: extension of the joint. In other
embodiments (not shown), the actuator may be configured to
drive the joint 1n another direction, such as tlexion of the
jomt by coupling between the 1nside parts of the hinge or by
using pulleys to reverse the motion and push on a rigid
linkage to force flexion. In some embodiments, more than
one harmonic winch actuator may be provided on the
orthosis for driving it in more than one direction, with one
coupling the 1nside and another coupling the outside of the
joint, or with one pushing and the other pulling on the
linkage. In some embodiments, the orthosis may be driven
in one direction by the harmonic winch actuator and driven
in the opposite direction by the patient, gravity, a biasing
spring, or some other form of actuator.

While the actuator and orthosis are described above as
being used primarily with the knee, application to other
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joints 1s possible. For instance, a device to aid in wrist
movement may have elastic bands coupling a small actuator
to the hand and wrist. Joints with more than one degree of
freedom may have a single device to assist/resist the primary
movement direction, or may have multiple actuators for
different degrees of freedom. Other potential candidates for
assistance include the ankle, hip, elbow, shoulder and neck.

The above described orthosis, components and methods
provide a light weight active muscle assistance system.
Although the systems have been described 1n considerable
detail with reference to certain embodiments thereot, other
versions are possible. For example, any feature disclosed in
connection with any particular embodiment can be com-
bined with any other feature disclosed 1n any other embodi-
ment. Therefore, the spint and scope of the appended claims
should not be limited to the description of the exemplary
versions contained herein.

What 1s claimed 1s:

1. An active assistance orthosis comprising:

a first portion configured to attach to a patient on one side

of a joint;

a second portion configured to attach to the patient on an

opposite side of the joint; and

an actuator configured to apply a force between the first

and the second portions of the orthosis, the actuator

comprising:

a first spool rotatably mounted to the first portion;

a second spool rotatably mounted to the first portion;

an output pulley mounted to the second portion; and

a belt having a first end wrapped around the first spool,
a second end wrapped around the second spool, and
a mid-portion wrapped around the output pulley,

wherein the actuator 1s configured to rotate the first
spool and the second spool, the rotation of the first
spool pulling the belt a given length and the rotation
of the second spool feeding the belt less than the
given length so as to pull the output pulley towards
the first portion, wherein pulling the output pulley
towards the first portion pulls at least part of the
second portion towards at least part of the first
portion.

2. The orthosis of claim 1, wherein the actuator further
comprises a belt tensioner configured to take up slack in the
belt.

3. The orthosis of claim 2, wherein the belt tensioner
comprises a rotatable disk separate from the first spool, the
second spool and the output pulley.

4. The orthosis of claim 3, wherein the rotatable disk
comprises at least one moving roller configured to interact
with at least one fixed roller to increase a belt path length.

5. The orthosis of claim 3, wherein the belt tensioner
comprises a rotational position sensor coupled to the rotat-
able disk, and wherein the sensor 1s configured to commu-
nicate with a controller to indicate a belt tension when there
1s no slack in the belt.

6. The orthosis of claim 1, further comprising a hinge
coupling the first portion to the second portion, and wherein
pulling at least part of the second portion towards at least
part of the first portion comprises rotating the first portion
relative to the second portion about the hinge.

7. The orthosis of claim 6, wherein the actuator 1s con-
figured to provide a winch ratio between a rate of {irst spool
rotation and a rate of orthosis hinge rotation, and wherein the
winch ratio 1s higher when the orthosis 1s bent than when 1t
1s straight.

8. The orthosis of claim 6, wherein the actuator 1s con-
figured to provide a first winch ratio when the orthosis 1s
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positioned at about a 90° angle and a second winch ratio
when the orthosis 1s positioned at about a 0° angle, and
wherein the first winch ratio 1s more than twice the second
winch ratio.

9. The orthosis of claim 6, wherein the actuator 1S con-
figured to apply a lower torque and higher speed as a hinge
angle between the first portion and the second portion
decreases.

10. The orthosis of claim 1, further comprising a polycen-
tric hinge coupling the first portion to the second portion.

11. The orthosis of claim 10, further comprising a bell
crank linkage coupling the first portion to the second por-

tion, wherein the output pulley 1s located on the bell crank
linkage.

12. The orthosis of claim 1, wherein rotating the first
spool and the second spool to pull at least part of the second
portion towards at least part of the first portion comprises
rotating the first spool and the second spool 1 a first
direction.

13. The orthosis of claim 12, wherein the actuator i1s
turther configured to rotate the first spool and the second
spool 1 a second direction to allow the output pulley to
move away from the first portion so as allow the at least part
of the second portion to move away from the at least part of
the first portion.

14. The orthosis of claim 1, wherein the second spool 1s
configured to feed the belt less than the given length pulled
by the first spool due to a diameter of belt turns on the first
spool exceeding a diameter of belt turns on the second spool.

15. The orthosis of claim 1, wherein the first spool and the
second spool are configured to rotate at a same speed.

16. The orthosis of claim 1, wherein the first spool and the
second spool are configured to rotate in a same direction.

17. The orthosis of claim 1, wherein the first spool and the
second spool are configured to rotate in opposite directions.

18. The orthosis of claim 1, wherein the belt has a
thickness no greater than about 0.005 inches.

19. The orthosis of claim 1, further comprising:

a motor configured to drive rotation of the first spool and

the second spool;

a drive sprocket connected to the motor; and

a driven sprocket connected to the first spool, the drive

sprocket and the driven sprocket connected by a second
belt, the driven sprocket having a larger diameter than
the drive sprocket.

20. The orthosis of claim 1, wherein the first portion 1s
configured to attach above the patient’s knee and the second
portion 1s configured to attach below the patient’s knee.

21. The orthosis of claim 1, further comprising a rota-
tional position sensor coupled to the actuator, wherein the
rotational position sensor 1s configured to communicate with
a controller to indicate a position of the first portion relative
to the second portion.

22. The orthosis of claim 1, further comprising a belt
tensioner, a tensioner position sensor, a spool rotation coun-
ter, and a controller, wherein a rotational position of the first
portion relative to the second portion 1s determined by the
controller based on the spool rotation counter and belt
tensioner position.

23. A harmonic winch, comprising:

a first spool rotatably mounted to a first housing;

a second spool rotatably mounted to the first housing;

an output pulley mounted to a second housing;

a belt having a first end wrapped around the first spool, a

second end wrapped around the second spool, and a
mid-portion wrapped around the output pulley; and
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a motor configured to rotate the first spool and the second
spool, the rotation of the first spool pulling the belt a
given length and the rotation of the second spool
feeding the belt less than the given length so as to pull
the output pulley and the second housing towards the
first housing.

24. The harmonic winch of claim 23, wherein the actuator
turther comprises a belt tensioner configured to take up slack
in the belt.

25. The harmonic winch of claim 24, wherein the belt
tensioner comprises a rotatable disk separate from the first
spool, the second spool and the output pulley.

26. The harmonic winch of claim 25, wherein the rotat-
able disk comprises at least one moving roller configured to
interact with at least one fixed roller to 1increase a belt path
length.

27. The harmonic winch of claim 25, wherein the belt
tensioner comprises a rotational position sensor coupled to
the rotatable disk, and wherein the sensor 1s configured to
communicate with a controller to mdicate a belt tension
when there 1s no slack in the belt.

28. The harmonic winch of claim 23, wherein the second
spool 1s configured to feed the belt less than the given length
pulled by the first spool due to a diameter of belt turns on the
first spool exceeding a diameter of belt turns on the second
spool.

29. The harmonic winch of claim 23, wherein the first
spool and the second spool are configured to rotate at a same
speed.

30. The harmonic winch of claim 23, wherein the first
spool and the second spool are configured to rotate 1n a same
direction.

31. The harmonic winch of claim 23, wherein the first
spool and the second spool are configured to rotate in
opposite directions.

32. The harmonic winch of claim 23, wherein the belt has
a thickness no greater than about 0.005 inches.

33. The harmonic winch of claim 23, further comprising:

a motor configured to drive rotation of the first spool and
the second spool;

a drive sprocket connected to the motor; and
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a driven sprocket connected to the first spool, the drive
sprocket and the driven sprocket connected by a second
belt, the driven sprocket having a larger diameter than
the drive sprocket.

34. A method of assisting movement of a patient, com-
prising;:
attaching a first portion of an orthosis to a patient on one
side of a joint;
attaching a second portion of the orthosis to the patient on
an opposite side of the joint;

detecting a residual intention of the patient to move the
joint; and
assisting the patient with the intended movement by

applying an assistive force to the patient with an
actuator, the actuator comprising:

a first spool rotatably mounted to the first portion;

a second spool also rotatably mounted to the first
portion;
an output pulley mounted to the second portion; and

a belt having a first end wrapped around the first spool,
a second end wrapped around the second spool, and
a mid-portion wrapped around the output pulley.

35. The method of claim 34, wherein the assisting step
comprises rotating the first spool to pull the belt a given
length and rotating the second spool to feed the belt less than
the given length such that the output pulley on the second
portion 1s pulled towards the first portion of the orthosis.

36. The method of claim 34, wherein the attaching a first
portion step comprises attaching the first portion of the
orthosis around a thigh of the patient, and the attaching a
second portion step comprises attaching the second portion
around a calf of the patient.

37. The method of claim 34, wherein the attaching a first
portion step comprises attachung the first portion of the
orthosis around an upper arm of the patient, and the attach-
ing a second portion step comprises attaching the second
portion around a lower arm of the patient.
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